Staphylococcus epidermidis senses and responds to oxidative stress through an unknown mechanism. Results: The paper describes AbfR, the first oxidation sensor of S. epidermidis. Conclusion: AbfR plays key roles in oxidative stress responses, bacterial aggregation, and biofilm formation in S. epidermidis. Significance: Oxidative stress signals S. epidermidis to modulate key virulence properties through AbfR.
INTRODUCTION
S. epidermidis is the leading cause of infections related to implanted medical devices (1) due in large part to its ability to form highly resistant biofilm (2, 3) . Similar to other human pathogens, S. epidermidis must cope with ROS derived either from host defense systems or the normal course of aerobic metabolism (4) . However, the mechanism in S. epidermidis for sensing and responding to oxidative stress remains largely unknown. Recent reports indicate that oxidative stress downregulates the development of biofilm in S. epidermidis (5, 6) .
Transcriptional regulators in bacteria have evolved to sense the ROS in order to coordinate the appropriate oxidative-stress response (4, 7) . Three peroxide-sensing transcriptional regulators, namely OxyR, PerR, and OhrR, have been well studied (8) (9) (10) . OxyR and PerR are primarily responsive sensors of H 2 O 2 , while OhrR senses organic peroxide (ROOH). OhrR belongs to the MarR family proteins, which number over 12,000 are widely distributed within bacteria and archaea (11) . In addition to OhrR (12) (13) (14) (15) (16) (17) , other transcriptional regulators within the MarR family also play key roles in sensing oxidative stress and regulating bacteria responses (15, (18) (19) (20) (21) (22) (23) (24) . In particular, recent studies of OspR in P. aeruginosa have shown that the activity of the oxidative stress-sensing regulators is not limited to oxidative stress response, but has pleiotropic effects (21) . In the gram-positive Staphylococcus aureus, the MarR family proteins MgrA, SarZ and SarA use cysteine oxidation in order to regulate antibiotic resistance and virulence (19, 22, 25) . It is now understood that oxidation sensing and regulation affect diverse pathways beyond antioxidant genes in bacteria (7, 10, 26) .
So far, the method used by S. epidermidis to detect and respond to oxidative stress is poorly understood. Not a single oxidation sensor in S. epidermidis has been described. Here, we present the first redox-active regulator, AbfR, in S. epidermidis. AbfR belongs to the MarR family and resembles a 2-Cys-type redox-sensing regulator. AbfR is involved in oxidative-stress responses, bacterial aggregation, and biofilm formation. We further show that these effects of AbfR are mediated by the regulation of the downstream genes SERP2195 and gpxA-2. These results highlight the roles of redox-sensing regulator AbfR in modulating key virulence properties of S. epidermidis.
EXPERIMENTAL PROCEDURES
Bacterial strains, plasmids, and growth condition -S. epidermidis was grown at 37 °C with aeration in tryptic soy broth (TSB, Oxoid) or BM medium (per liter containing tryptone 10 g, yeast extract 5 g, NaCl 5 g, K 2 HPO 4 1 g, and glucose 1 g) as indicated. For plasmid maintenance in S. epidermidis, the medium was supplemented with 10 µg/ml erythromycin or chloramphenicol. E. coli strains were routinely cultivated in Luria-Bertani (LB, Difco) supplemented with 10 µg/ml ampicillin or 50 µg/ml kanamycin where appropriate. The bacterial strains and plasmids used in this study are listed in Table S1 .
Construction of S. epidermidis ΔabfR strain -The pKOR1 vector was used to construct an in-frame, unmarked abfR-null mutant (ΔabfR) (27, 28) . 1,027 bp DNA fragments upstream and 1027 bp DNA fragments downstream of abfR were PCR-amplified from the genomic DNA of S. epidermidis 1457 by using the primer pair attB2-SE2196-up-F/SE2196-NR-sacII and SE2196-CR-sacII/attB1-SE2196-CF, respectively. The two PCR products were digested with SacII and then ligated with T4 DNA ligase (NEB). After further purification, the ligation product was recombined within pKOR1 and the product was introduced to E. coli DH5α. The resulting plasmid pKOR1::ΔabfR was electroporated into RN4220, and subsequently into S. epidermidis 1457. After the allelic replacement, PCR analyses and DNA sequencing were performed to confirm the deletion of abfR.
Plasmid construction for constitutive expression of abfR and SERP2195-gpxA -To construct a plasmid for the complementation of the ΔabfR strain, a 488 bp DNA fragment (covering 22 bp upstream of abfR gene, the abfR gene, and 25 bp downstream of abfR gene) was prepared by PCR using primer pair SE2196CF/SE2196CR, and cloned into broad-host-range vector pYJ335 where the abfR gene was downstream of the tetracycline-inducible xyl/tetO promoter as previously described (19, 29) , thus yielding plasmid pYJ335::abfR. Two mutations, pYJ335::abfR C13S and pYJ335::abfR C116S , were constructed by using the primer pairs C13SF/C13SR and C116SF/C116SR, respectively, through the use of a QuikChange II site-directed mutagenesis kit (Stratagene). To simultaneously express both SERP2195 and gpxA-2 constitutively, a 2,033 kb DNA fragment was generated using the primers SE2195-gpxAF and SE2195-gpxAR, then cloned into pYJ335 in the same orientation as the tetracycline-inducible xyl/tetO promoter, yielding plasmid pYJ335::2195-gpxA. All constructs were sequenced to ensure that no unwanted mutations were introduced.
RNA isolation and quantitative real-time reverse transcription PCR (qRT-PCR) -Total RNA was extracted from exponential-phase cells (OD 600 0.8) using a RNAeasy Mini Kit (QIAGEN). The cell pellets were resuspended in 700 ml of RLT buffer (supplied in kit) supplemented with 2-mercaptoethanol (β-ME) in FastPrep tubes. The cells were lysed in a FastPrep-24 high-speed homogenizer (MP Biomedicals) at the following setting: speed, 6.0, time, 30 s. This procedure was performed in triplicate, and the lysate was put on ice for 3 min in between each lysis cycle. DNA contamination was removed by in-column DNase I treatment.
The qRT-PCR reactions were performed on the Prism 7500 real-time PCR system (ABI). 1000 ng of total RNA was reversely transcribed using a PrimeScript ® RT reagent Kit (Takara). Of a total volume of 20 μl of reverse transcription reaction, 0.4 μl was taken and used as a template with each specific primer pair in the presence of SYBR green PCR master mix. The gyrB gene was chosen as an internal control. The transcript level of gyrB was observed to be consistent at various growth stages (data not shown). Primer pairs RT-SE2196F/RT-SE2196R, RT-SE2195F/RT-SE2195R, and RT-gpxAF/RT-gpxAR were used for detection of the expression of abfR, SERP2195, and gpxA-2, respectively. The experiments were performed in triplicate, and the transcript levels were estimated relative to those of gyrB gene.
Plate assay for oxidative sensitivityBacterial overnight culture grown in BM was diluted 1:100 with fresh BM medium and incubated at 37 °C with aeration for 3 h until OD 600 was proximally 0.8. After several 1:10 serial dilutions, each aliquot of 10 μl or 5 μl was spotted onto a TSB agar plate in the presence of either CHP or H 2 O 2 at varying concentrations. Bacteria growth on the oxidant-containing medium was recorded after incubation at 37 °C overnight.
Protein expression and purificationabfR gene was amplified using primer pair SE2196PF/SE2196PR, and the purified genomic DNA of S. epidermidis RP62A was used as template. Ligation-independent cloning of abfR into plasmid pMCSG19 was typically carried out as described previously (30) . Shortly, the purified PCR product was treated with T4 DNA polymerase (Takara) in the presence of 2.5 mM dCTP. The insert was then annealed to linearized pMCSG19 and transformed into E. coli strain DH5α. The resulting plasmid (pMCSG19::abfR) was further transformed into E. coli BL21 (DE3).
For protein expression and purification, cells were grown at 37 °C in LB until OD 600 of 0.6 was reached and then induced with 1 mM of isopropyl β-D-1-thiogalactopyranoside (IPTG) at 30 °C for 4 h. The cells was harvested, and cell pellets were resuspended in buffer A (20 mM Tris-HCl, pH 8.0, 200 mM NaCl, 0.1 mM EDTA, 10 mM β-ME) and sonicated. The lysate was centrifuged at 15,000 g for 30 min, and the supernatants were loaded onto a NiNTA column (His Trap, GE Healthcare). After being equilibrated with buffer A, His-tagged AbfR was eluted using a linear gradient of 20-400 mM imidazole. Fractions enriched for AbfR were pooled and the His-tag was then cleaved from the protein with the tobacco etch virus (TEV) protease. After a second NiNTA was run, tag-free AbfR proteins were eluted from the column in buffer A.
QuikChange Site-Directed Mutagenesis Kit (Stratagene) was used to construct plasmid pMCSG19::abfR C13S , pMCSG19::abfR C116S , and pMCSG19::abfR L44ML72M by using the primers pairs C13SF/C13SR, C116SF/C116SR, and L44MF/L44MR, and L72MF/L72MR, respectively.
Selenomethionine-substituted SeMet-AbfR L44ML72M protein was expressed using the methionine biosynthesis inhibition method (31) . The expression and purification of C13S and C116S mutants were performed as described above.
Electrophoretic mobility shift assay (EMSA) -Briefly, 20 μl of the mixture of the DNA probe (50 nM), purified AbfR proteins, and 50 pg/ml sonicated salmon sperm DNA in binding buffer (20 mM Tris-Cl, pH 7.4, 50 mM KCl, 5 mM MgCl 2 , and 10% glycerol) were incubated on ice for 15 min. For oxidation, CHP was added to the binding reaction and incubated for another 30 min at room temperature. When indicated, DTT was added into the solution and incubation continued at room temperature for 30 min. After being mixed with 3 µl of loading buffer (25 mM HEPES, pH 7.5, 150 mM KCl, 50% glycerol, and 0.05% bromophenol blue), the samples were run on a native polyacrylamide gel (6%) in 0.5 × TB buffer (50 mM Tris, 41.5 mM borate, pH 8.0) at 4 °C. The gel was stained in GelRed nucleic acid staining solution (Biotium) for 10 min, and then the DNA bands were visualized by gel exposure to 260 nm UV light.
Dye primer-based Dnase I footprinting assay -The published DNase I footprint protocol was modified (32) in this study. A 268 bp fragment, covering bases -150 to 118 in the promoter region of abfR, was generated by PCR using the primer set FootprintF-FAM/FootprintR. 50 nM 6-carboxyfluorescein (FAM)-labeled abfR promoter DNA and 300 nM AbfR or bovine serum albumin (BSA) in 50 μl binding buffer (20 mM Tris-Cl, pH 7.4, 50 mM KCl, 5 mM MgCl 2 , 10% glycerol, 50 pg/ml sonicated salmon sperm DNA) was incubated at room temperature for 10 min. Then, 0.01 unit of DNase I was added to the reaction mixture and it was incubated for 5 more min. The digestion was terminated by adding 90 μl quenching solution (200 mM NaCl, 30 mM EDTA, 1% SDS), and then the mixture was extracted with 200 μl phenol-chloroform-isoamyl alcohol (25:24:1). The digested DNA fragments were isolated by ethanol precipitation. 5.0 μl digested DNA was mixed with 4.9 μl HiDi formamide and 0.1 μl GeneScan-500 LIZ size standards (Applied Biosystems). A 3730XL DNA analyzer detected the sample, and the result was analyzed with GeneMapper software. The assay was repeated at least three times with similar results.
5,5-dithiobis-2-nitrobenzoic acid (DTNB) assay -The purified reduced wild-type and mutant AbfR were buffer-exchanged to 2  DTNB assay buffer (200 mM KH 2 PO 4 -K 2 HPO 4 , 200 mM NaCl, 2 mM EDTA, pH 7.0) at 4 °C. The samples were oxidized by 2 equivalents of CHP at room temperature for 30 min. Excess of CHP was removed by desalting. Then, the reduced and oxidized proteins were denatured by mixing with the same volume of 8 M guanidine HCl and heating at 95 °C for 20 min followed by quenching on ice. After treatment with an excess of DTNB, the spectrum of the samples were taken against a blank in the absence of the protein. The absorption at 412 nm wavelength from each sample was recorded and the free thiol concentrations were calculated by using the known method (22) .
Crystallization and structure determination of AbfR -Crystallization was performed using the hanging-drop vapor diffusion method at 22 °C. SeMet-AbfR L44ML72M protein was concentrated to 10 mg/ml in buffer B [20 mM Tris-HCl, pH 8.0, 200 mM NaCl, 2 mM tris(2-carboxyethyl)phosphine (TCEP)]. 1 µl protein solution was mixed with 1 µl reservoir solution (0.1 M sodium acetate trihydrate, pH 4.8, 2.0 M ammonium sulfate) and equilibrated against 0.4 ml reservoir solution. High-quality crystals were grown within 3 days and were flash-frozen in liquid nitrogen following cryoprotection with the reservoir solution containing an extra 20% of glycerol. Diffraction data were collected at Shanghai Synchrotron Radiation Facility (SSRF) beamline 17U. All X-ray data were processed using HKL2000 program suite (33) and converted to structural factors within the CCP4 program (34) . Phasing was solved in SHELX using single-wavelength anomalous dispersion (SAD) data (35) . A structural model was manually built in COOT (36) , and computational refinement was carried out with the program REFMAC5 (37) in the CCP4 suite. Structural graphic figures were prepared in PyMOL (38) .
Mass spectrometric characterization of oxidized AbfR -The purified AbfR protein in reduced form was buffer-exchanged to 20 mM Tris-HCl (pH 8.0), 200 mM NaCl through a desalting column (HiTrap, GE Healthcare) at 4 °C. The protein was exposed to 5 equivalents of CHP at room temperature for 30 min. After chromatographic purification and SDS-PAGE analyses, the reduced and oxidized AbfR samples were digested by trypsin (Promega) in an enzyme-to-substrate ratio of 1:60 (w/w), respectively, at 37 °C for 16 h. Addition of benzamidine to a final concentration of 4 μM quenched the digestion. After being desalted, the peptide mixtures were separated by a reverse-phase, ultra-performance liquid chromatography (UPLC, Waters) on C18 column (Agilent Eclipse Plus, 100  2.1 mm, 3.5 μm) at a flow rate of 0.4 ml/min using 0.1% formic acid and acetonitrile as mobile phases. The elution program consisted of 5% acetonitrile held for 1 min, and then acetonitrile was linearly increased to 99% within 14 min. The UPLC effluent was subjected to electrospray ionization quadrupole time-of-flight mass spectrometric analysis (ESI-Q-TOF, Waters). Data were acquired using Masslynx v4.1 (Waters).
Biofilm formation assay -As previously described, the microtiter-plate test was used to quantify the biofilm (39,40) with slight modifications. Briefly, overnight culture of S. epidermidis strains in BM medium was diluted 1 to 100 in fresh BM and grown with aeration at 37 °C for 12 h. The culture was further diluted in fresh TSB to OD 600 of 0.01, and then inoculated into a sterile 96-well polystyrene microtiter plates (200 μl per well). After incubation at 37 °C for 24 h, culture supernatants were gently removed, and the wells were washed three times with phosphate-buffered saline (PBS, pH 7.4). The adherent organisms that remained at the bottom of wells were fixed with Bouin fixative for 15min. The fixative was removed and wells were washed with PBS. Then, the adherent bacteria were stained with crystal violet and the excessive stain was gently washed with very slow running water. After being dried, the stained biofilm was determined with a Micro ELISA auto reader (Bio-Rad) at a wavelength of 570 nm.
Electron microscopy (EM) -For scanning EM (SEM) analyses, S. epidermidis strains were grown in TSB at 37 ºC for 14 h on the surface of sterile glass slides, which were deposited in advance in each well of a 6-well hydroxylapatite disks. The contents of each well were then carefully aspirated with a pipette, rinsed three times with PBS, and then fixed with 2.5% glutaraldehyde in PBS at 4 ºC overnight. Progressive alcohol dehydration was performed, followed by specimen-critical point drying. After being mounted on conventional SEM stubs with silver glue, slides were gold sputtered. Observations were carried out with a JEOL/EO (version 1.0) scanning electron microscope.
Transmission EM (TEM) of strains was also performed to confirm the identification of features observed in the SEM. After an overnight, culture of S. epidermidis in TSB were immediately fixed with 2.5% glutaraldehyde in PBS at 4 ºC. Cells were washed with 0.1 M sodium cacodylate and postfixed in 1% osmium tetroxide/0.1 M sodium cacodylate for 1 h. The samples were washed with 0.1 M sodium cacodylate, dehydrated using a graded series of ethanol, and then subjected to two changes of propylene oxide and embedded in epoxy resin. Ultra-thin (65-1,4970 nm) serial sections were obtained using a Leica Ultracut microtome and collected on copper grids. Samples were contrast stained with 2% uranyl acetate followed by Reynold's lead citrate and examined using a JEOL JEM-1230 transmission electron microscope operated at 80 KeV.
Biofilms were also examined with confocal laser scanning microscopy (CLSM). In brief, S. epidermidis cells were cultivated in cover-glass cell-culture dish (WPI, USA) as previously described (40) (41) (42) . Overnight culture of S. epidermidis in BM grown was diluted to OD 600 of 0.001 with TSB, then inoculated into the dish (2 ml per dish) and incubated at 37 °C for 24 h. The dish was gently washed three times with 1 ml sterile PBS, then stained with LIVE/DEAD reagents that indicate viable cells by green fluorescence (SYTO9) and dead cells by red fluorescence (PI) for 15 min. Examination with a Leica TCS SP5 confocal microscope followed.
RESULTS
Identification of P. aeruginosa OspR/S. aureus MgrA homolog AbfR in S. epidermidisOur previous work has shown that the MarR family transcriptional regulator OspR, homologous to MgrA, plays a key role in antibiotic resistance and virulence regulation in P. aeruginosa (21) . In order to identify the OspR homologues in S. epidermidis, we performed BLASTP analyses with OspR against the genome of S. epidermidis RP62A. The most significant hit was SERP2196, which exhibited 47% identity to OspR, and shared 43% identity with S. aureus MgrA (Fig. 1A) . We renamed SERP2196 as AbfR based on observed phenotypes presented in this study. Similar to OspR, AbfR harbors two cysteine residues at position 13 and 116 (Fig. 1A) .
DNA sequence analysis implies that abfR, SERP2195, and gpxA-2 are likely the same operon (Fig. 1B) . In order to confirm this, we carried out reverse transcriptase-PCR using the primer pair RT-SE2196R/RT-gpxAF, which encompasses the abfR-SERP2195 intergenic region and the 3′ end of gpxA-2 gene. A PCR reaction without reverse transcriptase was also carried out to exclude the presence of contaminating genomic DNA in the mRNA preparations. As shown in Fig. 1C , the primer pair RT-SE2196R/RT-gpxAF amplified fragments of expected size (1,871 bp), which could not be detected in the reaction without reverse transcriptase. These results suggest that abfR, SERP2195, and gpxA-2 are transcribed as a single mRNA.
AbfR is involved in the cellular response to oxidative stress -To assess whether abfR responds to oxidative stress, we used qRT-PCR to analyze the expression of abfR in the S. epidermidis 1457 strain after the H 2 O 2 and CHP challenge, respectively. We observed a 2.6-fold increase in the expression of abfR gene after a 30-min treatment with 50 mM H 2 O 2 ( Fig. 2A) . A significant increase (25-fold) in abfR mRNA was observed under the stress of 250 μM CHP ( Fig.  2A) . In addition, we also analyzed the expression of SERP2195 and gpxA-2 since these two genes are co-transcribed with the abfR gene. As expected, CHP challenge apparently (> 9 fold) induces the expressions of either SERP2195 or gpxA-2 (Fig.  2B) . We then used a stress plate assay to test the sensitivity of the ΔabfR strain to oxidative stress. As shown in Fig. 2C , the ΔabfR strain was around 10-fold more resistant to H 2 O 2 or CHP stress than the wild-type and complemented strains, indicating that abfR plays a key role in cellular response to oxidative stress in S. epidermidis.
AbfR modulates abfR, SERP2195, and gpxA-2 expression -qRT-PCR analysis was employed to examine the expression level of the SERP2195 gene in the ΔabfR strain. The mRNA level of SERP2195 gene was dramatically over-expressed (15-fold) in the ΔabfR strain compared to the wild-type strain, which could be restored to the wild-type level in an abfR complementation strain (pYJ335::abfR) (Fig. 3A) . Similarly, deletion of abfR also led to over-expression (6.5-fold) of the gpxA gene (Fig.  3A) . Thus, the expression of abfR gene is negatively auto-regulated by its own product AbfR, since abfR, SERP2195, and gpxA-2 are cotranscribed in a single mRNA.
EMSA was used to test the direct interaction of AbfR protein with its promoter DNA. The purified AbfR bound specifically to a 50 bp DNA fragment (−50 to −1 upstream of the start codon, DNA1). This fragment includes the putative -10 and -35 promoter regions of abfR, though it failed to shift three other DNA fragments (−150 to −101, −100 to −51, and −83 to −40 upstream of the start codon, respectively) located upstream of abfR (Fig. 3B) . To probe further the binding site of AbfR within DNA1, we performed a DNase I footprint assay. A specific AbfR-protected region (around −31 to −8 upstream of the start codon of abfR) was found wihin the abfR promoter DNA (Fig. 3C) . Interestingly, the AbfR-protected region harbors a palindromic sequence of 18 bp, 5′-TCAATCGCGCGCGATTGA-3′ (Fig. 3D) .
SERP2195 encodes the E3 component of -keto acid dehydrogenase complex while gpxA-2 encodes a glutathione peroxidase, indicating their putative functions in response to oxidative stress (43, 44) . Thus, it is tempting to suppose that the over-expression of SERP2195 and gpxA-2 might contribute to enhanced resistance against oxidative stress in the ΔabfR strain. To this end, the SERP2195/gpxA-2 constitutive expression strain (SE1457/pYJ335::2195-gpxA) was constructed; additional stress plate assays were performed thereafter. This strain displayed one order of magnitude more resistance to H 2 O 2 or CHP than the parental strain (Fig. 2C) . Taken together, these results indicate that 1) AbfR contributes in adaptive response to oxidative stress in S. epidermidis and 2) this process is mediated by modulating the expression of SERP2195 and gpxA-2, at least in part.
Cys-13 and Cys-116 are the key functional residues in AbfR -Suspecting that oxidation with H 2 O 2 or CHP might lead to dissociation of AbfR from its promoter DNA and then derepression of abfR-SERP2195-gpxA-2 operon in S. epidermidis, we performed EMSA with the purified AbfR protein and the specific 50 bp DNA1. Addition of CHP led to dissociation of AbfR from DNA1 (Fig.  4A ). In addition, the binding of AbfR and DNA1 could be restored by the addition of the excess DTT (Fig. 4B) . These results indicate that AbfR likely serves as a redox-sensing regulator.
AbfR harbors two cysteine residues at amino acid positions 13 and 116. To investigate the contributions of these two residues to the regulatory function of AbfR, EMSA was performed with the purified AbfR protein, AbfR C13S protein, and AbfR C116S protein, respectively ( Figure 4C ). All three proteins completely bound to DNA1 with a 10:1 molar ratio of protein to DNA. The DNA-binding activity of wild-type AbfR was significantly reduced in the presence of 5 µM CHP while the addition of 5 µM CHP did not affect the DNA-binding activity of either AbfR C13S or AbfR C116S . These results indicate that Cys-13 and Cys-116 are likely required for AbfR to sense and respond to oxidants such as CHP. We also observed that addition of a 20 µM CHP to the binding reaction could reduce the DNA-binding activity of AbfR C116S , although the DNA-binding activity of AbfR C13S is not affected even by the presence of 40 µM CHP.
To determine the function of cysteine residues in their reduced and oxidized form, a 5,5-dithiobis-2-nitrobenzoic acid (DTNB) titration assay was used to find the content of free thiol in reduced and oxidized wild-type AbfR (Fig.  4D) . The thiol content of the wild-type AbfR in reduced and oxidized forms were 1.71  0.11 and 0.15  0.02 per subunit, respectively. Thus, the reduced AbfR likely has two free thiol groups while oxidized AbfR has no free sulfhydryl group. In addition, reduced and oxidized forms of AbfR C13S gave similar values for their thiol content, at around one free sulfhydryl group per subunit, indicating that the CHP treatment had no effect on the Cys-116 residues in the absence of Cys-13. In contrast, the thiol content of reduced and oxidized AbfR C116S was 0.83  0.04 and 0.16  0.02 per subunit, respectively. These results clearly suggest that Cys-13 plays a key role in CHP-mediated oxidation of AbfR.
We further introduced pYJ335::abfR C13S and pYJ335::abfR C116S into the abfR mutant strain and performed qRT-PCR to examine the transcripts of SERP2195 and gpxA-2, respectively. As shown in Fig. 4E , CHP stress dramatically induced (>30-fold) the expression of both SERP2195 and gpxA-2 in the complemented wild-type strain (ΔabfR/pYJ335::abfR). However, a less significant increase of the mRNA level of SERP2195 or gpxA-2 was observed in the ΔabfR/pYJ335::abfR C13S strain treated with CHP compared with untreated bacteria. In addition, increases of SERP2195 and gpxA-2 transcription (about 6-fold) were also observed in the ΔabfR/pYJ335::abfR C116S strain treated with CHP, but to a far lesser extent when compared with those (>30-fold) of the ΔabfR/pYJ335::abfR treated with CHP. Further, we observed that ΔabfR/pYJ335::abfR C13S and ΔabfR/pYJ335::abfR C116S strain are around 100-fold more sensitive to CHP stress than the parent ΔabfR/pYJ335::abfR strain (Fig. 4F) . Again, these results clearly indicate that both Cys-13 and Cys-116 of AbfR play important roles in sensing and responding to oxidative stress in S. epidermidis.
Crystal structure of the reduced AbfR protein -The AbfR protein in reduced form was crystallized in space group C2 ( Table 1) . The structure was solved by single-wavelength anomalous dispersion from a SeMet-substituted crystal form and refined at 2.5 Å resolution. Four AbfR monomers assembled as a dimeric dimer in each asymmetric unit (Fig. 5A) . Superimpositions of the four monomers in the asymmetric unit revealed conformational flexibility of the AbfR protein in a DNA-free state, in particular, the orientations of the dimerization motif, such as α1 and α6 (Fig. 5B) . The overall folding of the AbfR homodimer resembled other known structures of the MarR family proteins that share a triangular shape (Fig. 5, C and D) (16) (17) (18) (19) (45) (46) (47) (48) (49) . The top half of the dimer contains helices α1, α5, and α6 to form the dimerization domain, and the bottom half includes helices α3 and α4, thereby forming a helix-turn-helix (HTH) DNA-binding domain. Between helices α4 and α5, the wing motif comprised two antiparallel β-strands and their connecting loops. These loops were well positioned in one dimer, but disordered in the other dimer and could not be built (Fig. 5, A and  C) . A close examination of the structure also showed that the intersubunit proximity of Cys-13 from one monomer and Cys-116 from the other is located between 8-14 Å: close enough to potentially form a disulphide bond. Overall, these structural features indicate that AbfR might respond to an oxidative signal. AbfR might alter its DNA binding affinity through changes in dimerization domain conformations. It might also reorient its DNA binding helices through switches of the intersubunit disulphide bonds (17, 18, 49, 50) .
Characterization of disulphide bond formation in the oxidized AbfR -To determine the intersubunit disulphide bond formation in AbfR after oxidation, we prepared a reduced and an oxidized form of AbfR and performed mass spectroscopic mapping characterization as previous reported (49, 51) . Non-reducing SDS-PAGE analyses confirmed the qualities (Fig.  6A ). In the full-scan mass spectrum of the oxidized AbfR sample, evident quadruply (m/z 1479) and triply (m/z 1972) charged peaks corresponding to the disulphide-containing peptide of interest (cross-link between Cys-13 and Cys-116; theoretical molecular mass, 5,915.8102 Da) were observed (Fig. 6, B and D) . In a control experiment, this species could not be captured in the reduced AbfR sample (Fig. 6A) . In addition, this species was lost if the oxidized sample, which has been shown to contain this species, was reduced in the presence of DTT (5 mM) (Fig. 6C) . Further MSE fragmentation (52) of this peptide generated a variety of cross-linked fragment ions, including y11, Y15, Y16, Y17, Y21, Y26, Y34, Y26b11, and y13Y31, suggesting the presence of a disulphide bond between Cys-13 and Cys-116 (Fig. 6, E and F) . Moreover, we failed to detect the intersubunit "homo-crosslink" between Cys-13 and Cys-13′, or Cys-116 and Cys-116′ in this MS characterization. Overall, these mass spectrometric analyses provide strong evidence that the intersubunit disulphide bond was formed between Cys-13 and Cys-116′ under oxidative stress.
AbfR affects cell intercellular aggregation in S. epidermidis -Deletion of abfR results in enhanced bacterial aggregation when bacteria were grown in TSB medium. As shown in Fig. 7A , macroscopic aggregates of ΔabfR strain in liquid cultures settled to the bottom of the test tube. This phenotype could be restored by complementation of the ΔabfR mutant with the abfR gene. In addition, constitutive expression of SERP2195 and gpxA-2 also caused aggregation of wild-type S. epidermidis 1457 (Fig. 7A) . Furthermore, we investigated the morphology of ΔabfR mutant and wild-type cells by using SEM. As shown in Fig.  7B , ΔabfR cells displayed more extracellular matrix compared to wild-type S. epidermidis 1457. Transmission EM (TEM) of wild-type and the abfR knockout strains was also performed in order to confirm features observed in the SEM. The wild-type S. epidermidis 1457 showed a smooth surface without fuzzy appendages (Fig. 7C) , whereas ΔabfR strain exhibited tuft-like surface material and extracellular polymeric substances that were especially prominent between adjacent cells (Fig. 7C ). This phenotype of the mutant cells could be restored by abfR gene complementation, since the pYJ335::abfR strain exhibited a smooth surface similar to that observed in the wild-type strain (Fig. 7C) .
Role of AbfR in biofilm formation -To examine whether AbfR modulates biofilm formation in S. epidermidis, we performed a semiquantitative adherence assay as previously described (39, 40, 42) . As shown in Fig. 8A , the ΔabfR mutant strain exhibited significantly decreased biofilm formation (OD 570 1.4 ± 0.04), compared to its wild-type counterpart (OD 570 2.7 ± 0.1). Complementation of abfR gene fully restored the ability of biofilm formation of the ΔabfR mutant strain (OD 570 3.2 ± 0.1) to that of the wild-type S. epidermidis 1457. Furthermore, constitutive expression of SERP2195 and gpxA-2 in the wild-type S. epidermidis 1457 (SE1457/pYJ335::2195-gpxA) resulted in decreased biofilm formation (OD 570 1.0 ± 0.1) (Fig.  8A ). These observations of decreased biofilm formation in ΔabfR and SE1457/pYJ335::2195-gpxA strains were not a result of the differences in bacterial growth, since all strains showed similar growth rates in BM medium (Fig. 8B) . We further monitored the 3-dimensional biofilm formation through the use of confocal laser-scanning microscopy. More dead cells were observed in the ΔabfR mutant biofilm compared to that of the wild-type strain (Fig. 8C) , indicating that abfR plays a regulatory role in biofilm development in S. epidermidis.
DISCUSSION
Oxidation-sensing regulators have been extensively studied in pathogenic bacteria, including S. aureus (19, 22, 51, 53, 54) , E. faecium (55) , E. coli (56) (57) (58) (59) (60) , P. aeruginosa (20, 21) , and Mycobacterium tuberculosis (61) . Several redox-sensitive regulatory proteins act as major regulators of bacteria's adaptability to oxidative stress or antibiotic stress, and impact bacterial virulence (19) (20) (21) (22) 55) . Redox regulation involving ROS is now recognized as a critical component of bacterial signaling and regulation (26, 62) . However, the mechanism by which S. epidermidis senses and responds to oxidative stress remains largely unknown. Here, we have examined the abfR gene, which encodes a functional homologue of the OspR/MgrA proteins and which serves as an oxidation-sensing regulator in S. epidermidis ( Figs.  1 and 2 ). To our knowledge, this is the first thiol-based redox-switching sensor identified in S. epidermidis.
AbfR belongs to the 2-Cys protein family that senses peroxides. Similar to P. aeruginosa OspR (21) and X. campestris OhrR (16, 17) , AbfR harbors two cysteine residues, Cys-13 and Cys-116, to sense and respond to oxidants such as H 2 O 2 and CHP (Fig. 4) . It is likely that AbfR directly senses peroxides by Cys-13, and forms an intersubunit disulphide bond between Cys-13 and Cys-116 subsequently, resulting in the dissociation of AbfR from promoter DNA (Figs. 5  and 6 ).
Negatively auto-regulated, AbfR binds to its own promoter and represses the expression of the abfR-SERP2195-gpxA operon (Fig. 3) . In addition, AbfR plays a key role in adapting to oxidative stress, auto-aggregation, and biofilm formation in S. epidermidis (Figs. 7 and 8) . Thus, AbfR regulation is not restricted to oxidative stress response, but extends to the modulation of bacterial virulence properties, which includes the auto-aggregation of bacterial and biofilm formation, suggesting that oxidative stress may act as a signal to modulate virulence properties of S. epidermidis during infection.
We provide evidence that the de-repression of SERP2195 and gpxA-2 mediate the effects of AbfR on bacterial aggregation and biofilm formation (Figs. 7 and 8) . Indeed, cell surface structures often mediate biofilm formation and bacterial aggregation (63) (64) (65) , while either the SERP2195 or gpxA-2 gene encode the putative enzyme involved in glutathione metabolism. It is tempting to suppose that the intercellular redox state of S. epidermidis might modulate bacteria cell surface structures and thus leads to the altered ability of auto-aggregation of S. epidermidis. The relationship between the redox state of S. epidermidis and bacterial aggregation remains to be demonstrated, and further studies are therefore necessary.
Together, AbfR plays key roles in responses to oxidative stress, bacterial aggregation, and biofilm formation in S. epidermidis, which is summarized in a model (Fig. 9) . Oxidative stress inactivates AbfR, which acts as a repressor of abfR-SERP2195-gpxA operon. It has been shown that mild oxidative stress downregulates S. epidermidis biofilm development (5, 6, 66) . Similarly, we may speculate that oxidative stress acts as a signal to modulate S. epidermidis key virulence properties through AbfR.
